A pproximately 14.9 million babies (11% of all infants born) worldwide are born preterm (<37 weeks) every year.
A pproximately 14.9 million babies (11% of all infants born) worldwide are born preterm (<37 weeks) every year. 1 Adults born preterm with very low birth weight (VLBW; <1500 g) or very (<32 weeks) or early (<34 weeks) preterm have higher blood pressure (BP) [2] [3] [4] [5] [6] and higher rates of hypertension compared with their peers born at term. There is some evidence of a continuous relationship between shorter length of gestation and higher BP. 7, 8 Although most studies have relied on office-measured BP, we are aware of 5 studies that used 24-hour ambulatory BP (ABP) in adults born preterm. Those studies show either elevated BP [9] [10] [11] [12] [13] or hypertension, 9 and all are limited to adults born preterm at VLBW or very or extremely (<28 weeks) preterm, comprising the extreme 1% to 1.5% of newborns. Although 24-hour ABP predicts cardiovascular events better than office-measured BP, 14, 15 it has not been studied across the entire range of preterm births.
In addition to mean BP levels, previous studies have highlighted BP variability as a key factor underlying the progression of organ damage 16 and triggering vascular events. 15 It is also correlated with the development of hypertensive left ventricular hypertrophy. 17 BP variability is studied less often in adults born preterm. We hypothesized that preterm birth, across its entire range, is associated with elevated levels and larger variability of ABP in young adults.
Perinatal Data
Detailed perinatal data of the members of the Northern Finland Birth Cohort 1986 were collected previously. 19 The corresponding data for the subjects recruited through the Finnish Medical Birth Register were obtained from the patient records at the birth hospitals and maternal welfare clinics. Based on these data, we confirmed the diagnoses of maternal gestational diabetes mellitus, hypertension (gestational or chronic), or preeclampsia (including superimposed) according to prevailing medical guidelines. Birth weight SD score was calculated according to the Finnish birth weight standards, which are based on 75 061 singletons born in 1979 to 1983 in Finland. 20 Being small for gestational age was defined as less than −2 SD below the mean the mean for sex and length of gestation.
Measurements
The participants underwent a clinical examination at a mean age of 23.3 years (range, 19.9-25.8 years). 18 With the subject in a sitting position and after 5-minute rest, a trained study nurse measured BP (mm Hg) from the upper right arm, using an automatic oscillometric BP monitor (Intellisense M10-IT; cuff size, 22-42 cm; Omron Healthcare Co, Ltd, Kyoto, Japan). Three measurements were taken and the mean was calculated. Height (cm) and weight were measured and body mass index was calculated (kg/m 2 ). The subjects completed a questionnaire on medical history, lifestyle, and socioeconomic status.
After the clinical examination, each subject was offered an ABP monitor (Model 90207; cuff size, 24-32 cm or 32-42 cm; Spacelabs Medical, Inc, Redmond, WA) if a device was available. The subjects wore the cuff in the nondominant upper arm for 24 hours. Monitors measured BP at 20-minute intervals during the day (7:00 am to 22:00 pm) and at 30-minute intervals at night (22:00 pm to 7:00 am). The subjects also wore an accelerometer (GT1M; ActiGraph, Inc, Pensacola, FL) on the wrist to measure the sleep-wake rhythm. The participants were instructed to keep a sleep log reporting their bedtimes and wake-up times. The accuracy of the sleep log was visually inspected against the raw accelerometry data. Nights with inconsistent (eg, the participant was already sleeping at the reported bedtime) or missing information on bedtimes were removed from the data. If the reported wake-up time was inconsistent (eg, the participant was still asleep after the reported wake-up time) or missing, it was visually estimated from the raw activity data. Sleep onset time was estimated by the ActiLife software (ActiLife 5.10.0; ActiGraph), using the Sadeh algorithm. 21 For the 60 (27.6%) subjects who had no accelerometry data, sleep BP was defined as between 01:00 and 07:00, and similarly, awake BP between 09:00 and 23:00. In other words, we excluded measurements taken between 07:00 and 09:00 and between 23:00 and 01:00, because of the potential individual variability in bedtimes and wake-up times. Comparisons of subjects with and without accelerometry are shown in Table S1 . To control for these differences, we adjusted the mean differences in ABP outcomes for use as accelerometry.
We excluded from the analysis subjects with <15 awake BP measurements or <8 sleep BP measurements. 22 If excluded on either criterion, the subject was also excluded from 24-hour BP analysis. In addition, we excluded 5 pregnant subjects (1 early preterm, 2 late preterm, and 2 controls) and 2 controls who were taking β-blocker medication. Thus, 42 subjects born before 34 weeks of gestation (early preterm), 72 subjects born at 34 to 36 weeks (late preterm), and 103 controls born at term (≥37 weeks) were included in the analysis. The comparison of subjects included in the ABP analysis with the remaining subjects is shown in Tables S2 and S3. Our main outcomes were mean values and, as an indicator of variability, SDs of 24-hour, 23 awake, and sleep BPs and abnormal ABP. The abnormal mean BP values were defined according to the American Heart Association and the British Hypertension Society. Subjects were classified with abnormal BP if the corresponding value of 24-hour BP was >135/85 mm Hg, awake BP was >140/90 mm Hg or sleep BP was >125/75 mm Hg, or office-measured BP was ≥140/90 mm Hg. 22 Masked hypertension was diagnosed if office BP was normal but ABP was abnormal. 24 White-coat hypertension was diagnosed if office BP was ≥140/90 mm Hg and daytime ABP was normal. 22 We calculated the fall (or dip, %) of mean BP from awake to sleep BP: (mean awake BP−mean sleep BP)/mean awake BP×100%. If the sleep systolic BP (SBP) was <10% lower than the awake SBP, the subject was categorized as a nondipper. 25 
Statistical Methods
Data were analyzed with SPSS 22.0 (IBM SPSS Statistics for Windows, Version 22.0, Armonk, NY). Crude differences between groups were assessed with ANOVA and Dunnett post hoc test and Pearson χ 2 test, and Student t test in attrition analysis. Differences in continuous and categorical variables were assessed with linear and logistic regression, respectively. All regression models included age and sex; models for awake and sleep BP also included whether sleep was determined by accelerometry (model 1). Model 2 describes the controlled total effect of preterm birth on BP in adulthood. In addition to parental educational level (to measure socioeconomic status), the model included mother's body mass index before pregnancy, gestational or chronic hypertension, preeclampsia, gestational diabetes mellitus, and birth weight SD score. The covariates in model 3 were age, sex, parental educational attainment, height, body mass index, physical activity, and smoking. As sensitivity analyses, we performed a complete case analysis in which we excluded all subjects missing outcome or covariate data, and separate analyses in which subjects with major birth defects were excluded.
Results
The peri-and neonatal characteristics of the study groups are presented in Table S4 . The subjects born preterm were 0.4 years older than the controls; otherwise, the groups had similar current background characteristics (Table S5) .
Mean ABP
Adults born early preterm had higher 24-hour SBP and diastolic BP (DBP), awake SBP and DBP and sleep SBP, and higher office-measured SBP and DBP than controls when adjusted for age, sex, and use of an accelerometer (model 1; Table 1 ; Figure) . The differences slightly attenuated when adjusted for perinatal factors, but most remained statistically significant (model 2; Table 1; Figure) . The differences remained similar when adjusted for current characteristics (model 3; Table 1 ; Figure) . For adults born late preterm, the differences were smaller and not statistically significant. When length of gestation was analyzed as a continuous variable, a higher gestational age was associated with lower mean 24-hour and awake ABP, but not with sleep ABP (Table 2) .
Variability of ABP
Adults born early preterm also had a higher SD of individual values in 24-hour and awake SBP and DBP and sleep DBP recordings and ≈2.6 mm Hg higher distinction between awake and sleep ABP (Table S6 ). The differences were similar when adjusted for current characteristics (model 3), and they slightly attenuated, although most were statistically significant, when adjusted for perinatal characteristics (model 2). The differences between adults born late preterm and controls were smaller and statistically significant only for 24-hour DBP and sleep SBP (model 1) and DBP (models 1 and 2). Also when assessed as a continuous variable, a shorter length of gestation was associated with a larger individual SD of BP, with the exception of sleep SBP (Table 2) . not statistically significant when adjusted for perinatal factors (Table S7 ). Adults born preterm were not more likely to have abnormal sleep BP or masked or white-coat hypertension or to be nondippers (all P>0.12).
Abnormal ABP

ABP of Women and Men Born Preterm
There was no interaction between the effects of sex and preterm birth on ABP (P≥0.08 except for awake SBP among late preterm 0.05; Table S8 ). Differences between adults born early preterm and controls were seen in both sexes, although for some ABP variables, they were not statistically significant. Differences between adults born late preterm and controls were seen only among men; again, some were not statistically significant (Table S8) . Table S9 shows the associations between covariates of the adjusted models and ABP. Maternal hypertension (gestational or chronic) was independently associated with higher ABP, whereas maternal preeclampsia was not. Therefore, we reanalyzed the data after excluding subjects exposed to maternal hypertension during pregnancy, and the difference between adults born early preterm and controls in 24-hour SBP attenuated to 5.4 mm Hg (95% confidence interval, 1.6-9.2). Otherwise, the differences remained similar. We further reran the analyses after excluding subjects born with small for gestational age. The differences in mean ABP between the early preterm and control groups increased by 0.1 to 0.5 mm Hg, and the differences in the SDs of ABP attenuated by ≤0.2 mm Hg.
Perinatal Factors
Discussion
We found that young adults born early preterm have higher mean BP in ABP measurements than those born at term. The difference is present during both waking and sleeping hours, it may be more pronounced while awake, and it is accompanied by higher individual BP variability. Although maternal gestational or chronic BP was an independent predictor of ABP, higher BP was also observed in subjects born early preterm from a normotensive pregnancy. Although the differences between the late preterm and control groups did not reach statistical significance, there was an inverse continuous association between length of gestation and ABP that was consistent with a dose-response relationship with decreasing length of gestation.
Only a handful of previous studies have measured ABP in adults born preterm, and those studies have focused on subjects born preterm at VLBW or very or extremely preterm, showing higher BP than controls: 1.8 to 4.7 mm Hg for 24-hour SBP, 1.9 to 5.0 mm Hg for awake SBP, and 1.5 to 3.9 mm Hg for nighttime SBP. [9] [10] [11] [12] [13] The differences in 24-hour and awake SBP we found in adults born early preterm were slightly higher than in previous studies, conducted with adults born more immature. Consistent with a previous study, 13 differences in SBP were paralleled by higher 24-hour and awake DBP; this result was not seen in other previous studies using ABP in adults born preterm.
Several of the previous studies reported that, although men have higher BPs than women, the difference between SBP and DBP in later life is greater among women than among men 4, 7, 9 ; this result was also shown in a meta-analysis. 6 We found no interaction between sex and early or late preterm birth on adult BP. One possible reason is that the sex interaction may only be present among subjects born at an earlier gestational age, which most previous studies focused on. 13 Strong evidence has been shown for the association between elevated BP and cardiovascular mortality, 26 and hypertension is the leading global risk factor of death and disease. 27 Based on population studies, the difference of 6.4 mm Hg in daytime SBP we found between adults born early preterm and their peers born at term results in about an 18% higher risk of cardiac events and about 21% higher risk of stroke. 28 In addition, there is evidence that metabolic risk factors and cardiovascular risk are more closely related to ambulatory than office BP. 14, 15 The inverse linear association between gestational age and BP suggests that there is a dose-response relationship between degree of prematurity and BP. This suggests that the risks are also present in the large group of young adults born less preterm.
Adults born early preterm had more variable BP, as indicated by the 1.0 to 1.7 mm Hg higher SD of individual measurements in all other ABP variables but not in sleep SBP. Accordingly, no statistically significant percentage of dipping of BP was found. The variability of 24-hour BP 16 and Models: (1) age and sex and awake and sleep values with use of an accelerometer; (2) model 1+parental educational level, mother's BMI before pregnancy, gestational or chronic hypertension, preeclampsia (including superimposed), and birth weight SD score; (3) model 1+parental educational level, height, BMI, physical activity, and smoking. BMI indicates body mass index; CI, confidence interval; DBP, diastolic blood pressure; and SBP, systolic blood pressure.
awake SBP 29 independently predicts organ damage, that of 24-hour SBP predicts atherosclerosis. 30 Our findings are consistent with the Helsinki Study of Very Low Birth Weight Adults, which reported that VLBW men have a higher variability of SBP than men born at term. 9 This finding may reflect increased responsiveness to emotional stimuli, as suggested by the higher DBP after psychosocial stress found in a study using the same cohort. 2 The underlying biological mechanisms remain unclear. In the same cohort, the VLBW adults had lower hypothalamic-pituitary-adrenal axis responses 31 and similar or lower norepinephrine responses 32 to psychosocial stress, arguing against a major role of these systems in mediating BP levels or variability in adults born preterm. 33 Additional possible mechanisms include smaller kidney size 34 and number of nephrons 35 or arterial stiffness. 36 Common genetic origins of preterm birth and high BP remain a possibility. However, despite a strong positive association between maternal gestational or chronic hypertension and BP, the differences in BP levels in adults born early preterm were not solely explained by the exposure to maternal hypertension or intrauterine growth restriction.
A limitation of the study is that the availability of ABP monitoring was limited, and not all subjects were willing to wear the equipment. Selection bias is thus possible, but it would be expected to affect our conclusions only if selection would differ between the preterm and control groups. This possibility is unlikely, but it cannot be excluded. Furthermore, some subjects did not wear an accelerometer, and we could not objectively determine their awake and sleep periods. This factor may increase inaccuracy and lead to a more conservative estimate.
Perspectives
We found that young adults born early preterm have higher 24-hour ABP than adults born at term. The higher BP is present during both waking and sleep periods, it may be more evident during the waking period, and it is accompanied by a higher BP variability. The association is not explained by confounding factors such as exposure to maternal hypertensive disorders or other pregnancy conditions, socioeconomic status, body size, or lifestyle. Although the difference in adults born late preterm was not statistically significant, overall, our results are consistent with a dose-response relationship between BP and degree of prematurity. From a clinical perspective, our results call for promotion of a healthy lifestyle in adults born preterm and vigilance in detecting possible hypertension, conducting ambulatory monitoring and initiating timely treatment. Figure S1 : Flowchart of the study population.
